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Introduction Electromagnetic spectrum

Credit: NASA
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Introduction Very high energy gamma-rays

Cherenkov telescopes of the MAGIC
observatory (La Palma).
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Introduction X-ray binary

Jet

Compact object

Accretion disk

Companion star

Credit: NASA / CXC / M. Weiss
Frédéric Jaron (TU Wien, MPIfR) Multiwavelength emission from LS I +61°303 March 24, 2023 6 / 33



Introduction The binary star LS I +61°303

Frédéric Jaron (TU Wien, MPIfR) Multiwavelength emission from LS I +61°303 March 24, 2023 7 / 33



Introduction The binary star LS I +61°303

Frédéric Jaron (TU Wien, MPIfR) Multiwavelength emission from LS I +61°303 March 24, 2023 7 / 33

ρ(r) = ρ0

(
r
R∗

)−n
, n = 3.25

(Mart́ı & Paredes 1995)



Introduction The binary star LS I +61°303

Frédéric Jaron (TU Wien, MPIfR) Multiwavelength emission from LS I +61°303 March 24, 2023 7 / 33

ρ(r) = ρ0

(
r
R∗

)−n
, n = 3.25

(Mart́ı & Paredes 1995)



Introduction The binary star LS I +61°303

Orbital phase Φ = t−t0
P1
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)
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Introduction Variability and periodicities

Variability and periodicities in the emission from LS I +61°303

1. Short-term variability
Micro-flaring activity, sometimes (quasi) periodic on time scales of hours
Sharma et al. (2021) ; Nösel et al. (2018) ; Jaron et al. (2017) ; Peracaula et al. (1997).
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Variability and periodicities in the emission from LS I +61°303

1. Short-term variability
Micro-flaring activity, sometimes (quasi) periodic on time scales of hours
Sharma et al. (2021) ; Nösel et al. (2018) ; Jaron et al. (2017) ; Peracaula et al. (1997).

2. Orbital periodicity
Regular outbursts occur related to the orbital period
P1 = 26.4960± 0.0028 days Gregory 2002, ApJ, 575, 1
Occurrence of radio outbursts is precisely predictable Jaron & Massi 2013, A&A, 559, A129.
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Sharma et al. (2021) ; Nösel et al. (2018) ; Jaron et al. (2017) ; Peracaula et al. (1997).

2. Orbital periodicity
Regular outbursts occur related to the orbital period
P1 = 26.4960± 0.0028 days Gregory 2002, ApJ, 575, 1
Occurrence of radio outbursts is precisely predictable Jaron & Massi 2013, A&A, 559, A129.

3. Long-term (super-orbital) modulation
Plong = 1667± 8 days ≈ 4.6 years Gregory 2002, ApJ, 575, 1

Frédéric Jaron (TU Wien, MPIfR) Multiwavelength emission from LS I +61°303 March 24, 2023 8 / 33

Long-term modulation

 0

 50

 100

 150

 200

 250

 300

 350

 400

 49500  50000  50500  51000  51500

 1994  1995  1996  1997  1998  1999  2000

4.6 years
Fl

ux
 d

en
si

ty
 [m

Jy
]

MJD

Year

Green Bank Interferometer monitoring (8 GHz)



Introduction Variability and periodicities

Variability and periodicities in the emission from LS I +61°303

1. Short-term variability
Micro-flaring activity, sometimes (quasi) periodic on time scales of hours
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The super-orbital modulation of LS I +61°303 Radio
M. Massi and G. Torricelli-Ciamponi: Origin of the long-term modulation of radio emission of LS I +61◦303
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Fig. 2. Radio data of LS I +61◦303 at 5, 8, 10, and 15 GHz from the literature. At the top x-axis are cycles of the long-term modulation, i.e.
t − t0/1626 (see Sect. 4). The archive covers more than 8 cycles.

totally unexpected result: when combining ν1 and ν2 one obtains
Paverage = 2

ν1+ν2
= 26.70±0.05 d and Pbeat = 1

ν1−ν2
= 1667±393 d

(Massi & Jaron 2013). In other words, the beat of P1 and P2
creates Pbeat (i.e. Plong) that modulates their average Paverage.
LS I +61◦303 seems to be one more case in astronomy of a
“beat”. The first astronomical case was a class of Cepheids,
afterwards called Beat-Cepheids (Oosterhoff 1957). This phe-
nomenon occurs when two physical processes create stable vari-
ations of nearly equal frequencies (ν1,ν2). The very small dif-
ference in frequency creates a long term variation (ν1 − ν2)
modulating their average (ν1 + ν2)/2.

3. Precessing jet model

In our previous paper (Massi & Torricelli-Ciamponi 2014), we
linked the two periodicities P1 and P2 to two physical processes:
the periodic (P1) increase of relativistic electrons in a conical
jet due to Ṁ variations and the periodic (P2) Doppler boosting
of the emitted radiation by relativistic electrons due to jet pre-
cession. We have shown that the synchrotron emission of such
a jet, calculated and fitted to the GBI observations, reproduces
both the long-term modulation and the orbital phase shift of the
radio outburst (Massi & Torricelli-Ciamponi 2014). The peak
of the long-term modulation occurs when the jet electron den-
sity is around its maximum and the approaching jet forms the
smallest possible angle with the line of sight. This coincidence
of the maximum number of emitting particles and the maximum
Doppler boosting of their emission occurs every 1

ν1−ν2
and cre-

ates the long-term modulation observed in LS I +61◦303. In this
context, if no significant variations in P1 and P2 occur in the time
interval under examination, then in that interval the long-term
modulation remains stable.

4. Cyclic variability in the disc of some Be stars

The known long-term variability in Be stars is that of the violet-
to-red cycles (V/R variations) in which the two peaks of the
emission lines vary in height against each other. The variations
correspond to an evolution of the disc itself where the disc un-
dergoes a global one-armed oscillation instability that manifests
itself in the V/R variability. This instability (progressing density
wave) may eventually lead to the disruption of the disc, which af-
ter years or decades fills again (Grudzinska et al. 2015, and refer-
ence therein), and to cycle lengths that are not constant but vary
from cycle to cycle (Rivinius et al. 2013, and references therein).
We examine in detail the well-studied case of ζ Tau, which is
also a Be star in a binary system. Over the last 100 yr ζ Tau has
gone through active stages characterized by pronounced long-
term variations and quiet stages. From 1920 to about 1950 there
were no variations. A very clear variability started afterwards
and lasted until 1980 with 2 cycles of 2290 days and 1290 days.
From 1980 to 1990 the star was again stable. Around 1990 the
disc again entered into an active stage and 3 consecutive cycles
of 1419 d, 1527 d, and 1230 d were determined (Štefl et al. 2009,
and references therein). In this context, radio variations induced
by variations in the Be disc are predicted to be rather unstable,
i.e. to have cycles of different lengths and, at some epochs, to
disappear.

5. Radio data base of LS I +61◦303

We collected data of LS I +61◦303 from the literature at
5, 8, 10, and 15 GHz (see Appendix) covering the interval
43 367−56 795 MJD, i.e. 36.8 yr. To date, this is the largest
archive on LS I +61◦303. The data are shown in Fig. 2. The
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Fig. 5. Correlation coefficient vs. time for observations (left) and model data (right), both averaged over three days.

LS I +61◦303 also reproduces well its Lomb-Scargle spectrum.
The most important result from the analysis of the largest archive
of data available until now on LS I +61◦303 is that it is evident
for the first time that Plong is not a main characteristic of the
Lomb-Scargle spectrum; the main characteristics are P1 and P2.
We can compute the beating of the found P1 and P2 and check
how Pbeat compares with Plong. The result is Pbeat = (P1P2)/(P2−

P1) = 1626±68 d, clearly in agreement with Plong = 1628±49 d.
How stable is the found Plong over the 8 cycles? This is

the fundamental question of this work. A powerful method for
studying the stability of a periodic signal over time is its auto-
correlation. If a period is stable the correlation coefficient should
appear as an oscillatory sequence with peaks at multiples of that
period. We first examine the correlation coefficient for model
data. The result is shown in Fig. 5-right. In the Lomb-Scargle
spectrum, Plong – given by the beating of P1 and P2 – is a minor
feature; however, it becomes apparent in the plot of the corre-
lation coefficient. We draw lines at multiples of Pbeat = 1626.
Since P1 and P2 are constant in our model, it is clear that the
model predicts a stable repetition of their beating frequency. We
now compare the correlation of model data with the correla-
tion of the observations. The correlation coefficient is shown in
Fig. 5-left. Except for a slight drop in the correlation in the first
cycles, the correlation coefficient of LS I +61◦303 observations
compares well with the correlation coefficient of the model data.
The small drop in correlation is likely attributable to the data at
5 GHz present in the first 3.7 cycles (see Appendix). The scatter-
ing of the correlation coefficient around cycle 6 is due to the lack
of data around that cycle (see Fig. 2); scattering is also present
in the correlation of model data (Fig. 5-right).

6. Discussion and conclusions

We built a radio archive of 36.8 yr for the source
LS I +61◦303 and performed timing and correlation analysis.
Our conclusions are the following:

1. In the system LS I +61◦303 a periodic radio outburst is
observed of Paverage = 26.704 ± 0.004 d modulated by
a long-term period of 1628 ± 49 d. However, the Lomb-
Scargle spectrum is dominated by two other periodicities,

P1 = 26.496 ± 0.013 d and P2 = 26.935 ± 0.013 d, and
the observed periodicities Paverage and Plong are equal to the
beat of P1 and P2.

2. Synchrotron emission from a precessing jet model, with pre-
cession period P2, regularly (with period P1) refilled with
relativistic electrons, reproduces the observed 36.8 yr light
curve of LS I +61◦303 and also its Lomb-Scargle spectrum.

3. The correlation coefficient of the observations shows a reg-
ular oscillation, as does the correlation coefficient of the
model data with peaks at multiple of Plong.

The period Plong = 1628 ± 49 d is stable over 8 cycles. This is
not what is expected from Be wind variations, which are rather
unstable and change from cycle to cycle or even disappear. A
stable Plong is what is expected for a beat of periods P1 (orbital
period) and P2 (precession) with no significant variations dur-
ing the 8 examined cycles. The peak of the long-term modula-
tion occurs when the jet electron density is around its maximum
and the approaching jet forms the smallest possible angle with
the line of sight. This coincidence of the maximum number of
emitting particles and the maximum Doppler boosting of their
emission occurs every 1

ν1−ν2
and creates the long-term modula-

tion observed in the radio emission of LS I +61◦303.
Finally, periods P1 and P2 have also been determined in

the Lomb-Scargle spectrum of gamma-ray emission at apas-
tron of Fermi-LAT data (Jaron & Massi 2014). Moreover,
Paredes-Fortuny et al. (2015) discovered that the orbital phase
shift also affects the variations in the equivalent width (EW) of
the Hα emission line from LS I +61◦303. The orbital phase shift
(Sect. 2.1) suggests that Paverage is the true period for the EW
variations. The EW variations show a long-term modulation as
well (Zamanov et al. 2013). The presence of both long-term pe-
riod and Paverage, as well as the direct detection of P1 and P2,
indicates therefore that the precessing jet also induces variations
in EW(Hα) and gamma-ray emission.
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The super-orbital modulation of LS I +61°303 Radio
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The super-orbital modulation of LS I +61°303 X-rays
The Astrophysical Journal Letters, 744:L13 (5pp), 2012 January 1 Li et al.
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Figure 1. Left: peak count rate of the X-ray emission from LS I +61◦303 as a function of time and the super-orbital phase. Right: modulated fraction; see the text
for details. The dotted line shows the sine fitting to the modulated flux fraction and peak flux with a period and phase fixed at the radio parameters (from Gregory
2002). The solid curve stands for the sinusoidal fit obtained by fixing the period at the 1667 day value, but letting the phase vary. The time bin corresponds to six
months. The colored boxes represent the times of the TeV observations that covered the broadly defined apastron region. The boxes in green denote the times when
TeV observations are in the low state, while boxes in yellow are TeV observations in the high state.

(A color version of this figure is available in the online journal.)

Table 1
Reduced χ2 for Fitting Different Models to the Modulation Fraction

and the Peak Flux in X-Rays

Constant Linear Radio Shifted

Modulation fraction 88.2/7 38.0/6 42.1/6 1.1/5
Peak flux 212.8/7 114.8/6 91.8/6 4.9/5

functions. One of the latter has the same period and phase of
the radio modulation (from Gregory 2002, labeled as “Radio”
in Table 1, dotted line in Figure 1). The other sine function has
the same period as in radio but allowing for a phase shift from it
(a solid line in Figure 1, labeled as “Shifted” in Table 1). It is
clear that there is variability in the data (and thus a constant
fit is unacceptable), and the sinusoidal description with a phase
shift is better than the linear one, which is obvious by visual in-
spection of Figure 1. The phase shift derived by fitting the mod-
ulated fraction is 281.8 ± 44.6 days, corresponding in phase
to ∼0.2 of the 1667 ± 8 day super-orbital period. The phase
shift derived by fitting instead the maximum flux is 300.1 ±
39.1 days, and the results are compatible with the former.

Figure 2 analyzes whether there is anything special concern-
ing the six-month time bin just chosen to present the former
results. It presents the peak flux and modulated fraction in dif-
ferent time bins, from 4 to 12 months. The black lines in Figure 2
show the sine fitting with a 1667 day period fixed. The black
lines in all left (right) panels of Figure 2 are the same as the
one depicted in the left (right) panel of Figure 1. It is inter-
esting to note that the smaller the time bin the larger is the
scattering around the sinusoidal fit, which can be understood
as an effect of the increasing similarity between the time bin
itself and the orbital period of the system (of 26.4960 ± 0.0028;
Gregory 2002). Indeed, orbit-to-orbit variability is known to
exist in our data and can be similar to or larger than the super-
orbital induced variability at times (e.g., see the variations found
for the same phase bin in contiguous orbits in Figure 4 of Tor-
res et al. 2010). Thus, the shorter the time bin, the less likely
it is that the super-orbital induced variation could be detected,
which may be sub-dominant to the local-in-time changes. On
the contrary, as soon as the integrated time bin is large enough
in comparison with the orbital period of LS I +61◦303, the
super-orbital variability is consistently observable.

This same fact makes a direct comparison of the sinusoidal
trend of the super-orbital X-ray modulation of Figure 1 with
the flux obtained from LS I +61◦303 under short and isolated
observations untrustable. For example, the observations at soft
X-rays conducted by XMM-Newton (Neronov & Chernyakova
2006; Chernyakova et al. 2006; Sidoli et al. 2006), Chandra
(Paredes et al. 2007; Rea et al. 2010), ASCA (Leahy et al. 1997),
ROSAT (Goldoni & Mereghetti 1995; Taylor et al. 1996), and
Einstein (Bignami et al. 1981) were all too short to cover even a
single full orbit. Similarly, earlier campaigns with PCA during
the month of 1996 March (Harrison et al. 2000; Greiner & Rau
2001) are also too short. Comparing their obtained flux values
with the super-orbital trend would be meaningless since there is
not enough time coverage to average out the possible orbit-to-
orbit variations.

Finally, we note that we have also analyzed 15 years of RXTE
All-Sky Monitor data on LS I +61◦303, but the larger error bars
on the count rates preclude obtaining any conclusion from that
data set.

3. DISCUSSION

We note that the X-ray long-term monitoring (2007–2011)
on LS I +61◦303 started about seven years later from the end of
the campaign used to determine the super-orbital period in the
radio (1977–2000; see Gregory 2002). We will assume then that
the radio-determined super-orbital modulation of the source is,
although possibly variable, active today with similar features as
the ones claimed a decade earlier. This appears possible given
that recent reports of variation in the orbital radio maxima are
of only ∼0.1 in phase (see Trushkin & Nizhelskij 2010). Under
such assumptions, we showed that there is a phase shift between
the radio and the X-ray super-orbital modulation.

Interestingly, this shift is the same as the one hinted at between
the radio and the Hα line (Zamanov et al. 1999; Zamanov &
Martı́ 2000). Indeed, the optical observations that covered the
period 1989–1999 were fitted with a period of ∼1584 days
(Zamanov et al. 1999), a value reported prior to the work by
Gregory (2002), where the super-orbital period was refined to
1667 ± 8 days. To investigate further the long-term modulation
of LS I +61◦303 at optical wavelengths and how it compares
with the current findings in X-rays, we took the Hα data from

2

Figure 1 in Li et al. (2012)

⇒ Phase offset between X-rays and radio: ∆Θ = 0.17± 0.03

Li et al. 2012, ApJL, 744, 1, L13
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The super-orbital modulation of LS I +61°303 High energy gamma-rays (GeV)
OVRO and Fermi-LAT monitoring of LS I +61◦303 3
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Figure 1. Light curves used for the analysis presented here, aligned in time. Observation time is expressed as MJD and year in the
lower x-axis of the bottom panel and in terms of long-term phase in the upper x-axis of the upper panel. (a) Fermi-LAT, energy range
0.1–3 GeV, averaged over one orbit, periastron (Φ = 0.0−0.5) data, (b) apastron data (Φ = 0.5−1.0). (c) Radio data at 15 GHz obtained
by OVRO monitoring. Only data above 3σ have been selected for the analysis and are plotted here. Between MJD 56400 and 56550 the
apparent dip is due to lack of data, in fact there are only seven data points during this interval (see Sect. 2.1).
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Figure 4. OVRO data folded. (a) Folded on P1. The data cluster

around orbital phase Φ = 0.6, in agreement with the results from

the long-term GBI monitoring (cf. the upper left panel of Fig. 4 in
Massi & Jaron 2013). (b) Folded on P2. The data cluster around

“precessional phase” 0.8, again in agreement with the results from

the long-term GBI monitoring (cf. the upper right panel of Fig. 4
in Massi & Jaron 2013). (c) Folded on Plong. The long-term modu-

lation is well visible, having a minimum around Θ = 0.45. The dip

at Θ = 0.9 is an artefact of the sampling, as explained in Sect. 2.1.
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Figure 5. Fermi-LAT data folded. (a) The entire dataset folded

on the orbital period P1. The modulation has the shape of a peak

at periastron with an additional feature towards apastron. (b)
Apastron (Φ = 0.5− 1.0) folded on P2, revealing the shape of the

flux modulation caused by the precession of the jet. (c) Perias-

tron (Φ = 0.0−0.5) folded on Plong. No significant modulation. (d)
Apastron (Φ = 0.5−1.0) folded on Plong. A significant modulation

is well visible.
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Figure 4. OVRO data folded. (a) Folded on P1. The data cluster

around orbital phase Φ = 0.6, in agreement with the results from

the long-term GBI monitoring (cf. the upper left panel of Fig. 4 in
Massi & Jaron 2013). (b) Folded on P2. The data cluster around

“precessional phase” 0.8, again in agreement with the results from

the long-term GBI monitoring (cf. the upper right panel of Fig. 4
in Massi & Jaron 2013). (c) Folded on Plong. The long-term modu-

lation is well visible, having a minimum around Θ = 0.45. The dip

at Θ = 0.9 is an artefact of the sampling, as explained in Sect. 2.1.
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Figure 5. Fermi-LAT data folded. (a) The entire dataset folded

on the orbital period P1. The modulation has the shape of a peak

at periastron with an additional feature towards apastron. (b)
Apastron (Φ = 0.5− 1.0) folded on P2, revealing the shape of the

flux modulation caused by the precession of the jet. (c) Perias-

tron (Φ = 0.0−0.5) folded on Plong. No significant modulation. (d)
Apastron (Φ = 0.5−1.0) folded on Plong. A significant modulation

is well visible.
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Radio Gamma-rays

⇒ Phase-offset between GeV and radio:
∆Θ = 0.26± 0.03

Jaron et al. 2018, MNRAS, 478, 1
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The super-orbital modulation of LS I +61°303 High energy gamma-rays (GeV)
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The super-orbital modulation of LS I +61°303 Very high energy gamma-rays (TeV)
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⇒ Phase-offset between TeV and radio: ∆Θ = 0.51± 0.03

Ahnen et al. 2016, A&A, 591, A76 ; Jaron, Universe 2021, 7(7), 245
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Physical scenario The two scenarios

Mirabel (2006, Science)
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Physical scenario Reason for long-term modulation in LS I +61°303

What is the physical reason for the long-term modulation in LS I +61°303?

1. Changes in the Be star disk?

Credit: Walt Feimer, NASA/GFSC

First suggested by Gregory et al. (1989)

Still discussed (see Chernyakova et al. 2019)

But: Be stars are not so strictly periodic.
See review by Rivinius et al. 2013.

2. Precessing jet
M. Massi and G. Torricelli-Ciamponi: Doppler boosting in LS I +61◦303

Fig. 1. Precessing jet and relative angles. Left: sketch of the precessing
cone. The angle ζ is the angle between the jet precession axis and the
line of sight (l.o.s.) direction, ψ is the opening angle of the precession
cone and η is the continuosly changing angle between the jet and the
line of sight because of precession. Right: the angles ζ, η,ψ in spheri-
cal geometry. The angle Ω, describing in the precession period P2 an
angle 2π, defines the temporal dependence.

where β = v/c (with v the electron velocity component along the
jet axis).

Angle η is the angle between observer’s line of sight and the
jet axis. To follow its changes with time due to the jet precession
we express η in terms of other quantities, throughout the spher-
ical triangle of sides ζ, ψ, and η shown in Fig. 1. Angle ζ is the
angle the jet precession axis makes with the direction of the line
of sight. If the jet precession axis is tilted by an angle f with
respect to the orbital axis of the binary system, then ζ = i + f ,
where i is the system inclination angle; ψ is the opening angle of
the cone described by the jet during its precession period, P2. In
the spherical triangle of Fig. 1, the angle Ω, between sides ψ and
ζ, changes with time because of precession and is defined as

Ω = 2π(t − t0 + ∆)/P2, (4)

where t0 = JD 2 443 366.775 (Gregory 2002, and references
therein), and ∆ is the offset to be determined in our model to
synchronize P2 to P1.

From spherical geometry (Smart & Green 1977, Eq. (8)) it
follows that the time (i.e. Ω) dependency of the angle η is

cos η = cos ζ cos ψ + sin ζ sin ψ cos Ω. (5)

Inserting the η expression into Eqs. (2) and (3), we get a tempo-
ral modulation of the Doppler boosting factor and we introduce
in the observed flux density the dependency on the precession
period P2.

2.3. Intrinsic jet emission

In our precessing conical jet model, angle η, between the jet axis
and the line of sight, must be clearly variable and can assume
all values in the range 90◦ > η > ξ, with ξ the jet opening
angle. This is an important difference with respect to Kaiser’s
model, where the jet is seen almost perpendicular to its axis (i.e.
η ∼ 90◦), or to Potter & Cotter (2012)’s model where the jet is
observed at an angle smaller than the opening angle of the jet
(i.e., η ≤ ξ).

Since in our model we allow time-dependent values for angle
η, the plasma optical depth also will depend on time. In fact, the

optical depth must be computed across the jet along a path that
makes an angle η with the jet axis and intersects regions char-
acterized by different values of physical quantities (since in our
model all quantities vary along the jet axis, i.e., along x = x0l)
(Fig. A.1-bottom). To make the computation easier, we assume
a pyramidal shape for the jet with a square basis of side 2r0l and
with a lateral surface facing the line of sight. In that way the in-
tegration path inside the jet does not depend on other parameters
related to the curved jet surface. The perpendicular direction to
this surface makes an angle [90◦ − (η − ξ)] with the line of sight
for the case of the approaching jet and [90◦ − (η + ξ)] for the
receding jet (see Fig. A.1-top in the Appendix).

With these assumptions the approaching jet emission can be
written as

S a =

∫ L

1
r0x0Iνa (η, l)

sin(η − ξ)
D2 ldl (6)

where D is the distance of LS I +61◦303, and the integral is from
l = 1 to l = L, with x0L being the jet length and L operationally
determined as the limiting value above which there are no more
contributions to the jet flux. For the receding jet, we have the
same expression with a change of sign in the angular factor that
takes the projection of the emitting surface in the direction per-
pendicular to the line of sight into account. Clearly the difference
between the emission of the approaching and of the receding jet
becomes negligible for cases where ξ � η.

The intensity Iν, emerging from the jet surface, i.e., at τ = 0,
in the direction η, is deduced from the radiative transport equa-
tion when considering that the plasma inside the jet is stratified
along the jet axis direction, i.e., along a direction that makes an
angle η with respect to the line of sight

Iν(η, l) =

∫ τend(l)

0

Jν
χν

e−τ
′/ cos η d

[
τ′

cos η

]
, (7)

where τ is the optical depth defined as

τ(l) = −

∫ ∞

l
χν dx = τ0l1−a3−(p+2)a2/2. (8)

The upper integration limit τend(l) represents the jet optical depth
at the specific value of l and takes into account that, at each dis-
tance, x0l, from the beginning of the jet, the integration path
inside the jet involves different regions of the jet itself (see
Appendix). The optical depth inside the jet is also a function
of the angle η (see expressions (A.5) and (A.6)) inducing higher
values of the optical depth when the jet is pointing toward the
observer, i.e. for low η values (but in the limit η ≥ ξ). The con-
sequences of this dependence will be analysed further in a sub-
sequent paper.

The exponent for l in expression (8), when taking Kaiser’s
Table 1 into account for all possible ai values, is always negative,
so the optical depth is at its maximum at the beginning of the jet:

τ0 = τ(l = 1) =
χ0x0

−[1 − a3 − (p + 2)a2/2]
ν−(p+4)/2· (9)

Emission and absorption quantities in the above expressions are
given, as in Longair (1994) and following the Kaiser (2006)
parametrization, by

Jν = J0ν
−(p−1)/2l−a3−(p+1)a2/2 W

m3Hz
(10)

χν = χ0ν
−(p+4)/2l−a3−(p+2)a2/2 m−1, (11)

A23, page 3 of 12

Figure 1 in Massi & Torricelli-Ciamponi (2014)

First rejected by Gregory et al. (1989)

Physical model reproduces observations:
Massi & Torricelli-Ciamponi 2014, A&A, 585, A123
Jaron et al. 2016, A&A, 595, A92
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Physical scenario A precessing jet in LS I +61°303

Figure: Detail from Fig. 1 in Massi, Ros, & Zimmermann 2012, A&A, 540, A142

⇒ Precession period Pprecession ≈ 27− 28 days (C.f. Porbit ≈ 26.5 days ̸= Pprecession)
Frédéric Jaron (TU Wien, MPIfR) Multiwavelength emission from LS I +61°303 March 24, 2023 21 / 33



Physical scenario A precessing jet in LS I +61°303
Revisiting LS I+61◦303 with VLBI astrometry 4249

Figure 4. Left-hand panel: astrometric results of 2006 and 2015 VLBA observations, with parallax motions removed. Blue characters denote jet peaks in 2006,
and red characters denote jet peaks in 2015. The reference coordinate (zero-point) is 02h40m31.s6645, 61d13m45.s594. Right-hand panel: same as left-hand
panel, but with centres of the two ellipses overlaid. The solid ellipse in the top left corner indicates the scale of the orbit, with a semimajor axis of 0.22 mas
(Massi et al. 2012).

Figure 5. Left-hand, middle and right-hand panels are the position angle θ , X = δR.A. × cos (DEC.) and y = �Dec. of jet core versus time, respectively.
Blue/red characters and dots with error bars denote 2006/2015 observations.

Plong values. With the value of 123 cycles, we determined an accu-
rate P2,

P2 = (3311.9 ± 0.6)/123 = 26.926 ± 0.005 d. (6)

5 MO D E L L I N G T H E A S T RO M E T RY O F T H E
J E T C O R E

The emissions of LS I +61◦303 from γ -rays, X-rays, opti-
cal/infrared, and radio wavelengths have been modelled by several
authors (Taylor et al. 1992; Marti & Paredes 1995; Bosch-Ramon
et al. 2006; Romero et al. 2007; Massi & Torricelli-Ciamponi 2014)
in the context of accretion on to a compact object along an eccen-
tric orbit. Observational evidence, especially from measurements
of the radio spectral index (Massi & Kaufman Bernadó 2009) and a
high-energy double-peaked light curve (Jaron et al. 2016), favours a
microquasar rather than a pulsar wind origin (Dhawan et al. 2006).
Massi & Torricelli-Ciamponi (2014) developed a model of a pre-
cessing conical jet which emits synchrotron radiation to explain the
radio light curve. In this section, we integrate their radiation transfer

model in order to simulate observations on the sky plane. For an op-
tically thin jet, the maximum of the emission is at the jet base, while
for an optically thick jet the maximum will be displaced down the
jet where optical depth unity is achieved. The displacement of the
observed radio peaks on the sky plane is due to the emitting plasma
changing position owing to the orbital motion of the compact object
around the primary star and to the jet precession. In this section, we
first examine the two effects separately and then we derive the full
jet motion as it appears on the sky.

5.1 The orbital motion

In Massi & Torricelli-Ciamponi (2014) model, the base of the jet is
anchored to the compact object, and hence follows the compact ob-
ject along its orbit; this path is drawn as a green ellipse in Fig. 8. The
orbit plane forms an angle ζ with respect to the plane perpendicular
to the line of sight.

The system of reference in the orbital plane is at the centre of
mass of the system i.e. the point O. The y′-axis is defined by the
intersection of the orbital plane and the plane perpendicular to the

MNRAS 474, 4245–4253 (2018)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/474/3/4245/4655058 by guest on 02 July 2021

⇒ Pprecession = 26.926± 0.005 days Wu et al. 2018, MNRAS, 474, 3
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Physical scenario A precessing jet in LS I +61°303

Doppler boosting

Observed flux amplified (attenuated) for approaching (receeding)
jet with velocity v ,

Sa = S0

(
1

γ (1− β cos η)

)κ−α

= S0δ
κ−α
a ,

Sr = S0

(
1

γ (1 + β cos η)

)κ−α

= S0δ
κ−α
r ,

where β = v
c , γ = 1√

1−β2
, and η is the angle between v and the

line of sight.

Based on Fig. 1 in Reynoso & Romero 2009, A&A, 493, 1
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Physical scenario Timing analysis at multiple wavelentghs

Lomb-Scargle Periodogram

Radio:

Jaron et al. 2018, MNRAS, 478, 1
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Physical scenario Timing analysis at multiple wavelentghs

Lomb-Scargle Periodogram

Radio:

Jaron et al. 2018, MNRAS, 478, 1

X-rays:

D’Àı et al. 2016, MNRAS, 456, 2
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Physical scenario Timing analysis at multiple wavelentghs

Lomb-Scargle Periodogram

Radio:

Jaron et al. 2018, MNRAS, 478, 1

X-rays:

D’Àı et al. 2016, MNRAS, 456, 2

High-energy gamma-rays (Fermi-LAT):

Jaron et al. 2018, MNRAS, 478, 1
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Physical scenario Timing analysis at multiple wavelentghs

Lomb-Scargle Periodogram

Radio:

Jaron et al. 2018, MNRAS, 478, 1

X-rays:

D’Àı et al. 2016, MNRAS, 456, 2

High-energy gamma-rays (Fermi-LAT):

Jaron et al. 2018, MNRAS, 478, 1

Further publications on P1 and P2

Massi & Jaron 2013, A&A, 554, A105

Jaron & Massi 2014, A&A, 572, A105

Massi, Jaron & Hovatta 2015, A&A, 575, L9

Massi & Torricelli-Ciamponi 2016, A&A, 585,

A123

Jaron, Torricelli-Ciamponi, Massi 2016, A&A,

595, A92
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Physical scenario Beating between orbit and precession

The long-term modulation is the beating between orbit and precession

Two close periods:

Orbit P1 = 26.4960± 0.0028 d Gregory 2002, ApJ, 575, 1
Precession P2 = 26.926± 0.005 d Wu et al. 2018, MNRAS, 474, 3

Interference: Beating (Massi & Jaron 2013, A&A, 554, A105)

cosω1t + cosω2t = 2 cos

(
ω1 + ω2

2
t

)
cos

(
ω1 − ω2

2
t

)
, ω =

2π

P

Envelope of interference pattern has period Pbeat = 1659± 22 d
C.f. Plong = 1667± 8 d by Gregory 2002, ApJ, 575, 1
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Physical scenario The multi-wavelength picture
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Physical scenario The multi-wavelength picture

Reason for phase-offset in interference pattern

fbeat(t) = forb(t) + fprec(t) = cos 2π

(
t − T0

P1

)
+ cos 2π

(
t − T0

P2
−ϕmp

)
∝ cos 2π

(
t − T0

Pavg
− ϕmp

2

)
cos 2π

(
t − T0

2Pbeat
+
ϕmp

2

)
Precession profile phase-shifted by ϕmp ⇒ Envelope of interference pattern shifted by −ϕmp.

Explicitely observed for radio and GeV:
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Figure 4. OVRO data folded. (a) Folded on P1. The data cluster

around orbital phase Φ = 0.6, in agreement with the results from

the long-term GBI monitoring (cf. the upper left panel of Fig. 4 in
Massi & Jaron 2013). (b) Folded on P2. The data cluster around

“precessional phase” 0.8, again in agreement with the results from

the long-term GBI monitoring (cf. the upper right panel of Fig. 4
in Massi & Jaron 2013). (c) Folded on Plong. The long-term modu-

lation is well visible, having a minimum around Θ = 0.45. The dip

at Θ = 0.9 is an artefact of the sampling, as explained in Sect. 2.1.
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Figure 5. Fermi-LAT data folded. (a) The entire dataset folded

on the orbital period P1. The modulation has the shape of a peak

at periastron with an additional feature towards apastron. (b)
Apastron (Φ = 0.5− 1.0) folded on P2, revealing the shape of the

flux modulation caused by the precession of the jet. (c) Perias-

tron (Φ = 0.0−0.5) folded on Plong. No significant modulation. (d)
Apastron (Φ = 0.5−1.0) folded on Plong. A significant modulation

is well visible.
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P2: ∆ϕ = −0.20± 0.03
Plong: ∆ϕ = +0.26± 0.03

Jaron et al. 2018, MNRAS, 478, 1
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Physical scenario Part I: Plasma cooling in a precessing jet
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Physical scenario Part II: Magnetic reconnection
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Physical scenario Part II: Magnetic reconnection2184 F. Yuan et al.

Figure 1. Illustration of the formation of a flux rope (panel a) and the ejection of the flux rope and the associated flare (panel b). (a) The accretion flow
surrounding the central black hole consists of a main disc body and a corona envelope. For convenience, the disc is drawn to be geometrically thin but it
actually should be thick (see footnote 2 and the right plot of this figure). Magnetic arcades emerge from the disc into the corona, and a flux rope is formed, as a
result of the motion of their footpoints and subsequent magnetic reconnection. Magnetic energy and helicity are continuously transported into the corona and
stored in its magnetic field until the energy exceeds a threshold. (b) The flux rope is then ejected, forming a current sheet. Magnetic reconnection occurs in the
current sheet, and subsequently the magnetic tension becomes much weaker than the magnetic compression. This results in the energetic ejection of the flux
rope. The plasma heated in the magnetic reconnection process produces flares.

(De Villiers et al. 2003), where G, c and M are the gravity con-
stant, the speed of light and the black hole mass, respectively. For
parameters appropriate for Sgr A∗, the time interval is ∼6 h. If we
assume that each flare of reasonably high intensity is associated
with an ejection event, this time-scale is consistent with those seen
in current observations (Yusef-Zadeh et al. 2006).

The formation of the continuous jets has been widely studied
and models have been proposed (e.g. Blandford & Znajek 1977;
Blandford & Payne 1982). However, the origin of episodic jets
has remained unclear. In this paper, by analogy with the coronal
mass ejection (CME) phenomena in the Sun, we propose a mag-
netohydrodynamical model for episodic jets (Section 2). We then
explain how to understand the above-mentioned various observa-
tions characteristic of episodic jets based on this model (Section 3).
Specifically, our calculations show that for parameters appropriate
for the black hole in our Galactic Centre, the plasmoid can attain
relativistic speeds in about 35 min.

2 A M AG N E TO H Y D RO DY NA M I C A L M O D E L
FOR EPISODIC J ETS

We note that two-component magnetic outflows/ejections have been
found in a variety of astrophysical environments. A well-studied
system is the outflows of the Sun consisting of fast solar winds
and CMEs. The fast solar wind is relatively steady, continuous and
smooth. It originates from the solar surface regions with open mag-
netic field lines. CMEs are, however, episodic, and they are ejected
from coronal regions with closed magnetic field lines (magnetic
arcades). The speeds of CMEs can reach up to 2000 km s−1 and
beyond. The rate of CME occurrence varies from once a few weeks
during the solar minimum to several times per day at solar maximum
(Lin, Soon & Baliunas 2003; Zhang & Low 2005).

In the Sun, magnetic arcades generally emerge into the tenu-
ous corona from the denser solar photosphere, with their footpoints
anchored in the photosphere. The configuration of the coronal mag-

netic field is thought to be controlled by convective turbulence in the
solar photosphere because of the freezing of the field in the plasma.
Convective turbulence motion in the photospheric plasma leads to
the formation of coronal flux ropes, manifested as dark filaments and
bright prominences in observations (Zhang & Low 2005). The ropes
are in an equilibrium configuration when there is a balance between
the forces due to magnetic compression and magnetic tension from
below and above the flux rope [refer to Fig. 1(a)]. Nevertheless,
the equilibrium is temporary. The turbulence in the photosphere in-
evitably causes a build-up of stress and helicity. They also convert
the kinetic energy in the photosphere into the magnetic energy in
the corona (Lin et al. 2003; Zhang & Low 2005). When the energy
accumulation exceeds a certain threshold, the confinement in the
magnetic arcade breaks down, and the flux rope gets thrust outward
in a catastrophic manner (Forbes & Isenberg 1991; Lin & Forbes
2000; Lin et al. 2003).1 Then the magnetic field is severely stretched
and a neutral region — the current sheet — develops, separating
magnetic fields of opposite polarity [refer to Fig. 1(b)]. Dissipa-
tion, facilitated by microscopic plasma instabilities, leads to rapid
magnetic reconnection in the current sheet (Lin & Forbes 2000;
Lin et al. 2003). This then greatly relaxes the magnetic tension and
helps the compression push the rope through the corona smoothly,
developing into a CME. On the one hand, magnetic reconnection
converts the stored magnetic energy into the microscopic particle
kinetic energy in the plasma, which ignites the radiative flares; on
the other hand, it transfers the magnetic energy into bulk kinetic
energy that propels CME propagation (Lin & Forbes 2000; Zhang
& Low 2005). The time-scale of the above process of magnetic
energy release is determined by the local Alfvén one.

1 How to determine the time-scale of the above energy accumulation process
is still an open question. It should be related to the energy transfer speed
from the photosphere to the corona, which is determined by the Alfvén
time-scale, and the value of the threshold energy.

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 395, 2183–2188
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Fig. 1 a in Yuan et al. 2009, MNRAS, 395, 2183

Blazar flares from plasmoids 3

3.1 Assumptions

(i) The plasmoid is homogeneous with constant particle density
and magnetic field strength throughout its volume; PIC simulations
show that plasmoids have a structure, namely the particle kinetic
and magnetic energy densities peak at the core of the plasmoid and
decrease towards its outer parts (see e.g. Fig. A1 in SGP16). Al-
though an inhomogeneous emission model is more realistic, this
will not significantly alter the main conclusions of this work re-
garding the multi-wavelength spectra and light curves, since we use
the volume-averaged properties of the plasmoid as determined by
the PIC simulations. However, the inhomogeneous structure of the
plasmoids is crucial for calculating the polarization signatures and
we plan to investigate this in the future.

(ii) The plasmoid in its rest frame is a sphere; although this is a
good approximation for plasmoids studied in 2D simulations (see
e.g. Fig. 5 in SGP16), the plasmoids seen in 3D simulations of
relativistic reconnection are best described as ellipsoids elongated
along the direction of the electric current. Since 3D PIC studies of
the plasmoid chain formation are still premature, we will adopt the
results of 2D simulations.

(iii) The particle distribution contained in a plasmoid is isotropic
for plasmoids of all sizes; PIC simulations show that anisotropy
is present in the smallest plasmoids with sizes a few tens of the
plasma scale, whereas particles confined in the largest plasmoids
have approximately isotropic distributions. Given that macroscopic
plasmoids responsible for the blazar flares are much larger than the
plasma scales of the problem (Giannios 2013), it is safe to assume
that they are characterized by quasi-isotropic particle distributions.
Regardless, even if the anisotropy is present in the early phases of
growth, when the plasmoid is still small, we show that the emission
produced at this stage is a negligible fraction of the emission at
the peak time of a blazar flare. Thus, our assumption would not
introduce any substantial errors in our estimates of peak luminosity
and flare timescales.

(iv) The particles are accelerated to an extended power-law dis-
tribution; the minimum and maximum Lorentz factors of the elec-
tron distribution are estimated for an electron-proton plasma. Al-
though PIC simulations in SGP16 were performed for an electron-
positron plasma, we argue that all their basic results will hold for
electron-proton reconnection as well, since for σ � 1 the field
dissipation results in nearly equal amounts of energy transferred to
protons and electrons (see SPG15). So, the mean energy per particle
of the two species is nearly the same, as it is the case for an electron-
positron plasma (for more detailed discussion, see Sect. 3.3).

3.2 Plasmoid motion and Doppler boosting

We assume that at a distance zdiss from the base of the jet (see Fig. 1)
a current sheet of length 2`′ is formed (see §5 for the large-scale jet
model and the motivation for `′, zdiss parameters). This is embedded
in a relativistic flow with bulk Lorentz factor Γj. Let us consider
a plasmoid that forms close to the central X-point of the current
sheet, i.e. at X′0 � `′, with initial width w′′0 .6 This moves along the
current sheet with a speed βco (in units of the speed of light) as mea-
sured in the jet’s rest frame and Lorentz factor Γco ≡

(
1 − β2

co

)−1/2
.

6 There are three reference frames that are of relevance in our study: (i) the
rest frame of the plasmoid (double-primed quantities), (ii) the rest frame of
the jet (primed quantities), and (iii) the observer’s frame (unprimed quanti-
ties).

zdiss

w0'' wf''

X0'

Phase I Phase II

X'=l'

l'

w''

Reconnection layer

Z 
axis

l'

θj

θobs

Figure 1. Sketch of a reconnection layer formed at a distance zdiss in the jet.
The angle between the observer’s line of sight and the jet axis is θobs while
θj is the jet’s opening angle. A plasmoid formed close to the central X-point
of the current sheet grows in size as it moves along the current sheet (Phase
I) and accumulates particles. At the same time it may accelerate from non-
relativistic to relativistic speeds, reaching a terminal velocity that is close
to the Alfvén speed. The injection of particles ceases when the plasmoid
leaves the current sheet (Phase II). The growth of the plasmoid size in this
phase is caused by expansion in, e.g., the under-pressured surrounding jet
plasma.

Based on the results presented in SGP16 (in particular, see Fig. 10
and eq. (11) therein), the plasmoid’s momentum as measured in the
jet frame is related to X′/w′′ as

βcoΓco ≈ f
(

X′

w′′

)
≡
√
σ tanh

(
βacc
√
σ

X′ − X′0
w′′

)
, for w′′ > w′′0 , (1)

where X′ is the position along the current sheet and βacc is a dimen-
sionless number determined numerically that quantifies the acceler-
ation rate of the plasmoid and is approximately independent of the
magnetization σ (i.e., βacc = 0.12 − 0.15 for σ = 3 − 50). Exactly
at X′0 the plasmoids are formed with initial momentum βcoΓco � 1
that is not included in eq. (1) for simplicity.

Based on eq. (1), two asymptotic regimes of the plasmoid’s
motion can be identified:

• βcoΓco ≈ βacc(X′/w′′), for X′/w′′ � 30(
√
σ1/βacc,−1)

• βcoΓco ≈ 3
√
σ1, for X′/w′′ � 30(

√
σ1/βacc,−1),

where σ = 10σ1 and βacc = 10−1 βacc,−1.
As the plasmoid moves along the current layer it grows in size,

mainly through mergers, with a rate βg that is a significant frac-
tion of the speed of light. SGP16 determined that βg ∼ 0.06, 0.08,
and 0.1 for σ = 3, 10, and 50 respectively. These values of the
growth rate are appropriate for plasmoids whose speed is not too
close to the Alfvén speed βAc =

√
σ/(1 + σ)c. To account for the

fact that the plasmoid growth gets slower as βco → βA (see Fig. 8
in SGP16) we replace βg by a suppressed growth rate. This is mod-
elled by βg[1 + 2 tanh(2βco/βA)]−1, so that the asymptotic growth

© 2016 RAS, MNRAS 000, 1–??

Fig. 1 in Petropoulou et al. 2016, MNRAS, 462, 3325

Magnetic reconnection can occur in the...

disk Yuan et al. 2009, MNRAS, 395, 2183

jet Petropoulou et al. 2016, MNRAS, 462, 3325; Sironi et al. 2016, MNRAS, 462, 48

In magnetic reconnection events the current sheet fragments into a chain of plasmoids that can be of different size and
can be ejected with different timescales (minutes, hours, days).
Short-term variability observed: Sharma et al. (2021) ; Nösel et al. (2018) ; Jaron et al. (2017) ; Peracaula et al. (1997).
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Conclusion and outlook

1 The binary system LS I +61°303 is variable and periodic across the electromagnetic
spectrum.

2 A periodic long-term modulation pattern shows systematic phase-offsets with increasing
energy.

3 Scenario: Lower energy emission originates downstream from higher energy emission in a
precessing jet.

4 Modification: The TeV emission is produced in magnetic reconnection events.

5 Continued long-term monitoring and at additional wavelenghts will help to better
understand the physical processes in LS I +61°303.
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Conclusion and outlook

1 The binary system LS I +61°303 is variable and periodic across the electromagnetic
spectrum.

2 A periodic long-term modulation pattern shows systematic phase-offsets with increasing
energy.

3 Scenario: Lower energy emission originates downstream from higher energy emission in a
precessing jet.

4 Modification: The TeV emission is produced in magnetic reconnection events.

5 Continued long-term monitoring and at additional wavelenghts will help to better
understand the physical processes in LS I +61°303.

Thank you!
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